Trehalose-6,6'-dicorynomycolate (T66DCM), the cord factor of Corynebacterium diphtheriae, induced in vitro a swelling accompanied with a partially irreversible change of the mitochondrial membrane system in mouse liver. Preincubation of the mitochondrial suspension with T66DCM resulted in an inhibition of phosphorylation coupled to the oxidation of either succinate or a number of reduced nicotinamide adenine dinucleotide-linked substrates and a loss of respiratory control. T66DCM affected both electron transport and phosphorylation at coupling site II and uncoupled respiration and phosphorylation at coupling site III. T66DCM stimulated mitochondrial adenosine triphosphatase. The induction of adenosine triphosphatase by T66DCM and by 2,4-dinitrophenol was additive.
Trehalose-6,6'-dicorynomycolate (T66DCM), the cord factor of Corynebacterium diphtheriae, induced in vitro a swelling accompanied with a partially irreversible change of the mitochondrial membrane system in mouse liver. Preincubation of the mitochondrial suspension with T66DCM resulted in an inhibition of phosphorylation coupled to the oxidation of either succinate or a number of reduced nicotinamide adenine dinucleotide-linked substrates and a loss of respiratory control. T66DCM affected both electron transport and phosphorylation at coupling site II and uncoupled respiration and phosphorylation at coupling site III. T66DCM stimulated mitochondrial adenosine triphosphatase. The induction of adenosine triphosphatase by T66DCM and by 2,4-dinitrophenol was additive.
A previous paper (6) from this laboratory dealt with a characteristic delayed toxicity of the cord factor of Corynebacterium diphtheriae (11) for mice and its action on the structure and function of mouse liver mitochondria. This toxic glycolipid was found to disintegrate in vivo the mitochondrial membrane into fragments deficient in both respiration and phosphorylation. A functional defect was found in the mitochondrial electron transport chain between the coenzyme Q-cytochrome b complex and cytochrome c. This metabolic lesion in mitochondria was assumed to be the biochemical basis of the toxicity of trehalose-6, 6'-dicorynomycolate (T66DCM). It was also pointed out that the mitochondrial respiration and phosphorylation with succinate as substrate were not inhibited by T66DCM added to the assay system in vitro (6) . The nature of the delayed toxicity for mice and the pattern of the metabolic damage in liver mitochondria induced by T66DCM in vivo closely resembled those (4) produced by the cord factor of Mycobacterium tuberculosis, trehalose-6,6'-dimycolate (T66DM) (10) .
Recently, the action in vitro of T66DM on several aspects of the mitochondrial function was studied with an aqueous emulsion of cord factor. It was demonstrated that T66DM induced in vitro a swelling associated with a partially irreversible change of the mitochondrial membrane system (5) . The preincubation of the mitochondrial suspension with T66DM resulted in a site II-specific inhibition of the mitochondrial oxidative phosphorylation (7) .
To extend the above observations, the mitochondrial suspension was preincubated with an aqueous emulsion of T66DCM, and the direct action of the latter on the respiration and phosphorylation in mitochondria was studied. This paper demonstrates that T66DCM induces in vitro, as does T66DM, a marked swelling of liver mitochondria and strongly affects the coupling of phosphorylation to electron transport at both coupling sites 11 and III.
MATERIALS AND METHODS Animals. Male mice of random-bred ddO stock (6) at 4 to 6 weeks of age were used. They were maintained on a standard commercial diet (Oriental Pellet Diet MF, Oriental Yeast Industrial Co., Tokyo, Japan) and water ad libitum. Mice were not fasted before sacrifice.
Cord factor of C. diphtberiae. T66DCM of C. diphtheriae PW8 was prepared by T. loneda and generously supplied by E. Lederer, Institut de Chimie des Substances Naturelles, Gif-sur-Yvette, France. It was dissolved in ether (2 to 3 mg per ml), and equal volumes of ethanol and water were added in that order. The organic solvents were evaporated in vacuo under gentle heating, resulting in an opalescent aqueous emulsion of T66DCM, as described in a previous paper (7) . Sucrose and 0.5 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 7.6) were added, and the total volume was adjusted with water to give a final concentration of 2 to 3 mg of T66DCM per ml containing 0.25 M sucrose and 0.01 M Tris-hydrochloride (pH 7.2 to 7.4). The emulsion was stored at 0 to 2 C before use.
Preparation of mitochondria. Liver mitochondria were prepared in a Beckman model L-2 ultracentrifuge with a swinging bucket SW25.1 rotor by the method of Hogeboom (2) , except that mitochondria were washed three times by centrifugation at 14,000 x g for 10 min. 100 nM rotenone in addition to the above components. The phosphorylation at coupling site 11 was measured by the succinate-ferricyanide system (9) as previously described (7) . The efficiency of phosphorylation was expressed as P/2e-(ratio of moles of inorganic phosphate esterified to 2 moles of ferricyanide reduced). The phosphorylation at coupling site III was assayed manometrically with ascorbate and N, N, N',N'-tetramethyl-p-phenylenediamine (TM PD) as substrate (7) . The reaction system in a total volume of 2.0 ml contained: 100 
RESULTS
Swelling of mitochondria. T66DCM induced in vitro a marked swelling of mouse liver mitochondria in direct proportion to the amounts added to the test system (Fig. I) . Several inhibitors of respiration and phosphorylation were without effect in preventing the mitochondrial swelling induced by T66DCM, indicating that the swelling action of T66DCM is not dependent on either the electron transport or the phosphorylative process in mitochondria (Fig. 2) . As shown in Fig. 3 , the mitochondrial swelling produced by T66DCM was neither prevented by BSA nor completely reversed by the addition of ATP, either alone or in combination with MgCl2, MnCl2, ethylenediaminetetraacetate, and BSA. The reversal of swelling by any combination of these reagents was always temporary and incomplete. These findings support the view that T66DCM caused a certain degree of structural damage to the mitochondrial membrane system.
Effect of T66DCM on oxidative phosphorylation. Table I shows that the addition of the graded amounts of T66DCM caused a dose-dependent inhibition of the respiration and phosphorylation in mouse liver mitochondria, with either succinate plus rotenone or pyruvate plus malate as substrate. This inhibitory action was much more marked when the mitochondrial suspension was preincubated with T66DCM for 15 min at 20 C. Hence, all the following experiments were carried out after the preincubation of mitochondria with T66DCM emulsion. It was noted that the oxidation of succinate and the accompanying phosphorylation were relatively less affected than that of pyruvate plus malate either by the addition of or by the preincubation with T66DCM.
In both the succinate and pyruvate plus malate system, the decrease of the respiration and phosphorylation was dependent upon the concentration of T66DCM (Fig. 4) those in the succinate system, and a complete inhibition of both respiration and phosphorylation was observed with 100 to 150 ,g of T66DCM per mg of protein.
The difference of the response to T66DCM between the succinate and NADH pathway of the electron transport chain is further demonstrated in Table 2 The decrease of the P/2e-ratio at site II by T66DCM was not due to an electron leakage prior to this site, since antimycin A completely inhibited the reduction of ferricyanide by succinate in mitochondria treated with T66DCM. The difference of the response to T66DCM between sites II and III was further investigated in phosphorylating and nonphosphorylating systems. At coupling site II, the electron transfer was inhibited by T66DCM to a marked extent in the presence of phosphate acceptor system but to a lesser extent in the absence of the coupled phosphorylation (Table 4) . In contrast to this, the oxidation of ascorbate-TMPD at coupling site III was inhibited only in the presence of the phosphorylating system, whereas the transfer of electrons at site III in the absence of a phosphate acceptor system was not affected by the increasing concentration of T66DCM. Thus, it may be concluded that T66DCM inhibits both the transfer of electrons and the coupling of phosphorylation to electron transport at coupling site II and only the coupling of respiration and phosphorylation at coupling site III.
Effect of T66DCM on mitochondnal adenosine triphosphatase. Mitochondrial adenosine triphosphatase was stimulated by preincubation with increasing concentrations of T66DCM (Table 5) . At a lower concentration, T66DCM did not inhibit the adenosine triphosphatase induced by 2,4-dinitrophenol, and the effects of both agents to induce the mitochondrial adenosine triphosphatase were additive. However, at the higher concentration of T66DCM, the rate of stimulation of adenosine triphosphatase was slightly less either in the presence or in the absence of 2,4-dinit rophenol.
DISCUSSION
The effect of a water-insoluble glycolipid of bacterial origin on the structure and function of host-cell mitochondria was first studied in an in vitro system (5, 7) with T66DM of M. tuberculosis (10) by use of an aqueous emulsion prepared by the method reported in a previous paper (7) . In the present study, the same procedure was successfully applied for emulsifying T66DCM of C. diphtheriae (12) in water, and its direct action on the mitochondrial structure and function was compared with that of T66DM.
Comparison with the action of T66DM of M. tuberculosis. T66DCM gave a notably clearer emulsion than the aqueous emulsion of T66DM, presumably owing to the shorter mycolic acid chain (C32-mycolic acid) in the former than that in the latter (C88-mycolic acid) . The more hydro- (5), a marked swelling of mouse liver mitochondria, which was not dependent on either the electron transport or phosphorylation in mitochondria, because it was not prevented by a variety of inhibitors of respiration and oxidative phosphorylation. Since the reversal of the mitochondrial swelling induced by T66DCM by ATP in combination with a number of reagents was temporary and incomplete, structural damage in the mitochondrial membrane system seemed to accompany the swelling. This type of mitochondrial swelling closely resembles that produced by T66DM in vitro (5) .
The pattern of inhibition of the mitochondrial oxidative phosphorylation by T66DCM was also similar to that observed with T66DM (7). With both glycolipids, the mitochondrial respiration with succinate as substrate was relatively less affected than that with the NADH-linked substrates which is more tightly coupled to phosphorylation than succinate oxidation (8) . In the succinate oxidase system, only that portion of respiration which coupled to phosphorylation was affected, whereas the electron transport on the NADH pathway was inhibited in both the phosphorylating and nonphosphorylating systems by the cord factor of either M. tuberculosis or C. diphtheriae. Mitochondrial adenosine triphosphatase was stimulated by both glycolipids. The effect of the cord factors and 2,4-dinitrophenol to induce the adenosine triphosphatase was additive.
It is of interest that the succinate oxidase system in mitochondria is more resistant to the inhibitory action of both T66DCM and T66DM (7) than the NADH system. The oxidation of succinate was very slightly affected by T66DM (7) and decreased to only 50% by T66DCM, in which the oxidation of pyruvate plus malate was completely inhibited. It is assumed that both glycolipids do not act on the mitochondrial respiratory system as a specific inhibitor but cause, by their detergent-like action, a lability in the molecular integrity of the mitochondrial membrane system and exert a differential effect on succinate and NADH pathways. A previously reported fact, that mycolic acid, either alone or in combination with trehalose, and acetylated T66DM did not induce mitochondrial swelling (5) and were ineffective to the mitochondrial oxidative phosphorylation (7), supports this view.
However, the action of T66DCM differed from that of T66DM in that the former affected mitochondrial respiration and phosphorylation not only after preincubation with the mitochondrial suspension but when it was simply added to the assay medium. In contrast to this, T66DM inhibited mitochondrial oxidative phosphorylation only after preincubation with the mitochondrial suspension (7). Another striking difference was noted in the site specificity of the action of both cord factors. T66DCM affected both coupling sites II and III, although the functional damage of coupling site II was much more marked than that of coupling site III. T66DM inhibited mitochondrial oxidative phosphorylation only at coupling site II, leaving the electron transfer process and the accompanying phosphorylation at coupling site III entirely intact (7) . This would suggest that the cord factor with shorter mycolic acid chain, which is more hydrophilic than that containing longer mycolic acids, can react with the mitochondrial electron transport system not only at coupling site II but at coupling site III.
Correlation with the action in vivo. T66DCM induced in vivo a decrease of the mitochondrial structure elements and an increase of the mitochondrial fragments deficient in both the respiratory and phosphorylative activity (6) . As shown in this paper, the effect of T66DCM observed in vitro on the structure and function of mouse liver mitochondrial membrane system, and thus afeffect. It may be concluded that T66DCM interacts with the mitochondrial membrane, inducing a swelling and a partial disintegration of the mitochondrial membrane system, and thus affects the membrane-associated respiration and phosphorylation.
However, the amounts used in the in vitro study are rather large in comparison with those injected into mice in the in vivo experiments (6) . This quantitative discrepancy between in vivo and in vitro effects may be attributed, partly, at least, to differences in the experimental conditions, i.e., the in vitro effect was observed after preincubation of the mitochondrial suspension with T66DCM for only 15 min at 20 C whereas the in vivo effect was studied 1 to 7 days after the injection of T66DCM into mice. My previous claim that T66DCM did not affect the mitochondrial respiration and phosphorylation in vitro was apparently due to an inadequate experimental condition in which only succinate was used as substrate, the amount of T66DCM added to the assay mixture was too small, and the effect of the preincubation of the mitochondrial suspension with the varying amounts of T66DCM was not tested (6) . ACKNOWLEDGMENTS I am deeply indebted to T. loneda and E. Lederer, Institut VOL. 107, 1971 
